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The success and acceptance of conventional
abdominal aortic aneurysm (AAA) repair remained
unchallenged before the development of endovascu-
lar technology.1-5 Although endovascular AAA
repair has been shown to be feasible and safe, the
reliability and durability of aneurysm exclusion and
improvement in patient survival rates after place-
ment of transluminally placed endovascular grafts
(TPEGs) have yet to be proved, although these
issues are being investigated.6-14
Endovascular graft fixation depends on the
integrity and long-term structural stability of the
aorta near the sites of graft deployment. Whether
TPEG position is maintained by radial expansion of
a self-expanding or balloon-expandable stent or by
hooks embedded into the aorta, graft migration and
aneurysm sac reperfusion may occur if the native
aorta degenerates, dilates, or lengthens. Graft fixa-
tion systems are being improved as aneurysm and
graft behavior after implantation is characterized.
Conventionally placed grafts are fixed by nonab-
sorbable sutures. Proximal suture line failure, mani-
fested by anastomotic pseudoaneurysm, is uncom-
monly clinically apparent.15 However, in view of the
overwhelming clinical success of aortic reconstruc-
tion and the rarity of such significant anastomotic
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problems, postoperative imaging is not routinely
performed after conventional infrarenal aneurysm
repair. Consequently, the natural history of the
native aortic segment proximal to a graft placed for
aneurysmal disease is unknown.
During the last three decades at our center, aortic
reconstruction was often followed by surveillance
translumbar aortograms (TLAs) for patients who
returned for follow-up examinations and consented to
the procedure, unless aortography was contraindicat-
ed by contrast allergy, renal insufficiency, or patient
refusal. Analysis of these serial aortograms provided a
unique opportunity to observe the natural history of
the internal diameter of the native infrarenal aortic
segment after conventional aneurysm repair, which is
the subject of this report.
METHODS
Patients
Eight hundred TLAs from 272 patients who
underwent conventional infrarenal abdominal aortic
aneurysm repair between January 1, 1965, and
December 31, 1984, were available for review. Szilagyi
woven Hellanca Dacron grafts were predominantly
used during this era. Patients were included if they
underwent a preoperative TLA and at least one post-
operative TLA. Patients who underwent aortic recon-
struction for juxtarenal aneurysms were not included,
and two patients who developed proximal anastomot-
ic pseudoaneurysms were excluded. During the 20-
year period, no specific postoperative surveillance pro-
tocol was mandated, and approximately 50% of
patients otherwise eligible for consideration did not
have aortograms available for review for several reasons
(e.g., no postoperative aortogram available, angiogram
jacket not located, films destroyed). Patients under-
went 2.9 ± 1.1 (mean ± SD) TLAs over a mean of 42
months (range, 1 to 257 months).
Measurements
Precise measurements to the nearest 0.5 mm
were systematically obtained directly from the radi-
ograph by one investigator using a thin, clear ruler.
The aortic dimensions measured on each preopera-
tive TLA are defined in Fig. 1A. The height of the
first lumbar vertebral body (vertebral body height
[VBH]) has been shown to be stable and was
recorded to monitor and control for changes in posi-
tion and magnification.16 Identical views were used
for each measurement to minimize parallax and
magnification artifacts.
Aortic dimensions measured on each postopera-
tive TLA are defined in Fig. 1B. The proximal anas-
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Fig. 1. A, Preoperatively, the neck length (L) of an
infrarenal aortic aneurysm was defined as the distance
between the lowest renal artery and the aneurysm neck.
Aortic diameters 1 cm proximal to and at the aneurysm
neck were defined as D1 and D2, respectively. B,
Postoperatively, a surgical clip defines the proximal anas-
tomosis of a bifurcated aortic graft. The neck length (L)
was measured from the lowest renal artery to the proximal
anastomosis. Measurements were obtained for D1 1 cm
proximal to the anastomosis, D2 at the anastomosis, and
D3 1 cm distal to the anastomosis.
tomosis was identified by a surgical clip placed on the
suture in all patients at the time of operation for this
purpose. Changes in neck length may have been arti-
factual among patients with long aneurysm necks on
the preoperative aortogram, because surgeons usually
reconstructed the aorta near the renal arteries. In this
circumstance, the first postoperative length was short-
er than it might have been if the proximal anastomo-
sis had been constructed at the aneurysm neck. The
time between successive TLAs was recorded. There
were fewer serial measurements of the diameter 1 cm
distal to the anastomosis (D3) than measurements of
the aortic aneurysm neck length, the diameter 1 cm
proximal to the anastomosis (D1), and the diameter
at the anastomosis (D2), because D3 was a postoper-
ative measurement only and because the number of
sequential postoperative arteriograms was limited.
Data Analysis
Changes in VBH and aortic dimensions were
described with generalized estimating equations. In
this model, the linear equation y = mx + b is derived
from serial data entries to give regression estimates
of the intercept (b, the mean measurement on the
preoperative TLA) and slope (m, the mean measure-
ment change per unit time) at a given time (x).
Direct measurements (in millimeters) and normal-
ized measurements (i.e., direct measurement divided
by VBH) were analyzed. Any difference between the
derived slope and zero (i.e., no change, by defini-
tion) was tested for statistical significance with a Z
test, using 0.05 as the descriptive rejection level for
statistical significance. Significance testing of sub-
groups violated the distributional normality assump-
tion, and these comparisons were performed using
the Wilcoxon rank sum test.
RESULTS
VBH did not change significantly during the
study interval (Table I). The mean VBH changed
less than 0.1 mm during the entire follow-up inter-
val (p = 0.35).
Neck length increased sharply (Fig. 2A). The
mean preoperative length was 22.7 mm, but it
increased nearly 3 mm to 25.6 mm over the study
interval (range, –19 to +44 ± 8.93 mm; p < 0.001)
(Table I). A frequency distribution demonstrates
marked patient variability (Fig. 3A). In 115 (43%)
patients, the length increased more than 5 mm, and
in 63 (24%), elongation was greater than 10 mm.
The mean D1 increased by nearly 1 mm (range
–8 to +14 ± 3.33 mm; p < 0.001), beginning with a
mean preoperative measure of 22.9 mm (Fig. 2B).
Variability was moderate (Fig. 3B). D1 increased in
88 (35%) patients, and in 21 (8%), D1 increased
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Fig. 2. Mean aortic dimensions are plotted against time
(solid lines), with standard error lines (dashed lines). A,
Neck length (L) increased from a mean preoperative value
of 23 mm to nearly 26 mm. B, Aortic diameter D1 (1 cm
proximal to the anastomosis) increased by a mean of 1
mm, from 23 to 24 mm. C and D, The diameters D2 (at
the anastomosis) and D3 (1 cm distal to the anastomosis)
did not change significantly.
Table I. Behavior of the aortic segment after con-
ventional aortic aneurysm repair
Measure Mean* Change p†
VBH 29.9 0.084 0.35
L 22.7 2.94 <0.001
D1 22.9 0.84 <0.001
D2 21.0 –0.105 0.24
D3 22.0 –0.069 0.58
L/VBH 0.76 0.0924 <0.001
D1/VBH 0.77 0.021 <0.001
D2/VBH 0.70 –0.0546 0.19
D3/VBH 0.74 –0.00252 0.046
*Mean preoperative measurements (intercept) and mean cumula-
tive study interval change (slope) for each parameter, as raw data
(in millimeters) or normalized as a ratio to VBH.
†By Z statistic.
more than 5 mm; D1 did not change significantly in
122 (49%) patients and decreased in 50 (20%).
No significant change in D2 occurred during the
study interval (range, –11.5 to +16 ± 14.3 mm) (Fig.
2C). The even slope of the plot of D3 against time
documents stability in the diameter of the proximal
graft (Fig. 2D). Minimal variability was observed.
Because it is likely that changing aortic dimen-
sions do so continuously, larger changes may be
anticipated in patients with longer follow-up.
Toward this end, the changes in length and D1 were
compared with follow-up time, and changes in
length and D1 correlated positively with the cumu-
lative time elapsed after operation, but only modest-
ly (Table II).
Given the direct relationship between arterial
wall stress and diameter, a greater tendency to dilate
may be anticipated for initially larger aortic segments
than for small ones. To determine whether a large
native aorta was more likely to dilate or elongate
with time than a small aorta, the changes in D1 and
length were compared with the initial D1 measure-
ment. By considering a “large” D1 to be an absolute
measurement of at least 26 mm or one standard
deviation greater than the mean measurement, two
subgroups are defined. Regardless of the definition
of a large aorta, D1 decreased significantly in both
groups with aortas that were large initially (Table
III). In contrast, D1 increased significantly in the
groups without large initial native aortic diameters.
The diameter of initially large native aortas tended
to decrease, but length did not change.
Analysis using measurements normalized to VBH
yielded results similar to those obtained using raw
measurements (Table I and Fig. 4). There were sig-
nificant increases in the normalized neck length and
the normalized dimension of the aorta cephalad to
the proximal anastomosis (p < 0.001). Normalized
data analysis also suggested that D3 tended to
decrease (p = 0.046).
DISCUSSION
This aortographic analysis documents a small but
measurable increase in the length and transverse
diameter of the residual infrarenal abdominal aorta a
mean of 42 months after conventional infrarenal
AAA repair. Significant changes in the diameters of
the proximal anastomosis and proximal graft were
not identified.
The stability of the internal graft diameter at the
proximal anastomosis is at variance with reports sug-
gesting progressive graft dilation, particularly with
knitted grafts. Although the precise numbers of the
graft types were not available, most grafts were of
the Szilagyi woven Hellanca Dacron variety, a graft
that may be resistant to dilation.
The retrospective study design precluded prima-
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Fig. 3. Frequency distributions of the changes in aortic
dimensions during the follow-up interval. The numbers of
patients with the magnitude of change falling in the
respective interval is shown for each dimension. A, Neck
length (L) increased more than 5 mm in 115 patients. B,
Moderate variability, but with a normal distribution, was
observed for the diameter 1 cm proximal to the anasto-
mosis (D1). C, Moderate variability was found for the
change in the diameter at the anastomosis (D2). D, Little
variability in the diameter 1 cm distal to the anastomosis
(D3) was observed. Because of the limited number of
comparative sequential postoperative aortograms, the
number of D3 data were fewer than L, D1, and D2 data.
Table II. Correlation of the increases in L and D1
with duration of follow-up
Element measured r* p†
D1 +0.140 0.03
L +0.146 0.02
*The Spearman correlation coefficients (r) for D1 and L versus
duration of follow-up. A weak, positive correlation is suggested.
†Using the Z statistic.
ry prevention of systematic errors in measurement
introduced by inconsistent patient positioning, radi-
ographic parallax, and changes in patient weight. To
minimize the impact of such variability, direct mea-
surements were normalized to the VBH measured
on the same radiograph (i.e., raw measurement
divided by VBH). Analysis of serial normalized mea-
surements demonstrated similar increases in neck
length and proximal aortic diameter, observations
that might have been predicted on the basis of VBH
stability. The effects of systematic errors of this
nature appeared to be minimal, suggesting that the
observed changes were real and not caused by
changes in positioning, magnification, or parallax
artifacts.
There was a weak positive correlation of the
increases in native aortic length and diameter with
duration of follow-up, suggesting that the observed
changes might have been more dramatic with longer
follow-up. Moreover, there was a significant nega-
tive association of the change in native aortic diam-
eter with initial native aortic size, which is unex-
plained. Variability among patients was sometimes
marked, especially in measurements of neck length
and proximal aortic diameter. Measurements of
VBH remained stable in all patients, including those
with marked aortic changes.
A mean baseline measurement (y-intercept) and
rate of change of aortic dimension (slope) may be
calculated from serial raw and normalized data
entries, assuming that changes in aortic size are lin-
ear. Progressive enlargement of AAAs occurs, and it
is not unreasonable to expect steady, linear enlarge-
ment or elongation of the aorta after aneurysm
repair. However, sudden, nonlinear AAA expansion
also occurs, and in this situation, the application of a
statistical model that assumes a linear relationship is
inappropriate. Unfortunately, only a prospective
study with compulsive postoperative imaging over a
long follow-up interval could define aneurysm
behavior mathematically.
The infrarenal aortic diameter (D1) increased by
more than 5 mm in 8% of patients, and elongated by
more than 5 mm in 43% of patients. In a similar study
of 33 patients followed by computed tomography
(CT), Illig et al.17 documented that one third of
patients had dilation of the proximal aortic cuff after
conventional AAA repair. Such changes may con-
tribute to instability of aortic endograft attachment
systems, resulting in proximal graft dislodgment and
migration and possibly in aneurysm sac reperfusion
and rupture. Balloon-expandable stent detachment
has been documented in an animal model of dilating
arteries.18 Aneurysm rupture in humans after endovas-
cular repair of AAA in association with proximal or dis-
tal perigraft leakage has been reported.19 The trend of
elongation and dilation of the native infrarenal aortic
segment seems to recapitulate the natural history of
untreated AAA, in which progressive aneurysm expan-
sion is expected but is variable and unpredictable.
Although radiographic follow-up is uncommon
after conventional AAA repair, postimplantation sur-
veillance imaging is routine after TPEG implantation.
Duplex ultrasound, contrast-enhanced CT, and arte-
riography are defining the natural history of the aorta
and AAA after endovascular grafting. In 1995,
Parodi et al.20 reported a decrease in aneurysm size
by ultrasound 6 months after successful aneurysm
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Fig. 4. The ratios of mean aortic dimension to vertebral
body height (VBH) are plotted against time (solid lines),
with standard error lines (dashed lines). The infrarenal aortic
neck length (L) was measured from the lowest renal artery
to the proximal anastomosis (i.e., clip). Measurements were
obtained for D1 1 cm proximal to the anastomosis, D2 at the
anastomosis, and D3 1 cm distal to the anastomosis. A and
B, Increases in L/VBH and D1/VBH are shown. C and D,
The stability of D2/VBH and D3/VBH is evidenced by
even slopes.
exclusion. In the same year, May et al.10 reported a
progressive decrease in mean maximum aneurysm
diameter at 6 and 12 months in 26 patients without
evidence of CT contrast extravasation. However, an
increase in AAA diameter was observed in all four
patients with perigraft leakage documented by 
CT. In 1997, Malina et al.21 reported a decrease in
mean aneurysm diameter 12 months after complete
aneurysm exclusion, but they observed progressive
postimplantation expansion or no change in size if
contrast extravasation into the aneurysm sac persist-
ed. They also observed an increase in the size of the
aneurysm neck diameter by CT of 2 mm after 12
months, a change that was not apparent immediately
after endograft implantation. Similarly, in a CT study
of 34 patients, Matsumura et al.23 concluded that
aneurysm exclusion was associated with a reduction
in AAA size one year after endograft implantation.
They identified no significant changes in dimensions
of the proximal aneurysm neck.
Other investigators have reported no change in
aneurysm size in patients with perianastomotic leaks
and persistent filling of the aneurysm sac. In a 1994
report, Moore and Vescera8 recorded no increase in
aneurysm diameter in two patients with perianasto-
motic leaks 6 and 12 months after TPEG implanta-
tion. In another report, a patient with perigraft leak-
age had not experienced aneurysm expansion 6
months after TPEG placement.23 The focus of near-
ly all these reports has been the size of the aneurysm
sac, not the aorta adjacent to fixation sites.
Self-expanding and balloon-expandable stents,
with or without hooks and barbs, can anchor the
endograft. Radial pressure from stents, resisted by
the elastic recoil of the aorta, relies on static aortic
dimensions for aortic fixation. Deliberate oversiz-
ing of stent and graft has been employed to mini-
mize the possibility of graft migration after aortic
dilatation, but it has been suggested that the stress
of overdistending the artery may be sufficient to
precipitate dilation.21 Self-expanding stents have
the theoretic advantage of being able to accommo-
date small changes in aortic diameter, but position-
ing and deployment of such stents may be difficult
to control. Endograft fixation with hooks and
barbs, oriented superiorly and inferiorly and driven
into the aortic wall by balloon expansion, has
appeal, but hook failures have been detected after
placement of one such graft. Periprosthetic leakage
due to inadequate stent graft fixation remains the
most significant problem with the endovascular
treatment of AAA.
Limitations of this analysis must be acknowl-
edged. The number and frequency of postoperative
TLAs was not standardized. The mean number of
TLAs per patient (three) is small, and the mean fol-
low-up interval (42 months) is relatively short.
Contrast arteriography is not ideal for monitoring
aneurysm disease, because mural thrombus may
result in underestimation of aneurysm size.
Aortography does, however, provide an accurate
assessment of nondiseased aortic internal diameters.
Nevertheless, within these limitations, it appears that
the natural history of the infrarenal aortic segment
after conventional AAA repair is one of gradual dila-
tion and elongation in some patients.
The authors thank Gordon Jacobson, MS, for his
assistance with the statistical analysis.
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Dr. John W. Hallett, Jr. (Rochester, N.Y.). When I
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someday I would need it. This paper brought that idea
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First, in your study, did any of the patients with dila-
tion of the residual proximal aorta experience rupture of
this segment or require reoperation?
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Second, have you been able to correlate the clinical
characteristics of your 272 patients? For example, have you
correlated gender, hypertension, or chronic obstructive
pulmonary disease with subsequent dilation of that aortic
segment?
And finally, on the basis of your data, when do you
recommend surveillance of aneurysm grafts and by what
method, ultrasound scan or computed tomography? 
Your study is obviously carefully conducted and ana-
lytical, and it carries on the tradition that has come from
Henry Ford for so many years. I think Dr. Szilagyi would
be pleased to see this work presented today. I think the
current study reminds us that, in the future as we look at
new endografts, the essence of our academic honesty is to
look at what happens in the long run. We live in an era of
tremendous technologic advance and expediency, but in
the long run, durability will determine whether these new
techniques survive or become history.
Dr. David A. Lipski. Thank you Dr. Hallett. To
address your questions in order, you first asked whether
any of the patients with dilatation of the residual proximal
aorta experienced rupture or required reoperation. I do
not think that they did. The reason I answer the question
in that format is that this was a purely radiographic case
series. The study was not a chart review, which also
answers a little bit of the second question about clinical
characteristics. We identified the patients and measured
their arteriograms, but we really only have inferences that
we can make on the basis of arteriographic appearances. I
cannot answer you in a rigorous way, but I can answer in
a gestalt, gut-feeling way. I do not recall any aortograms
in which progressive dilatation occurred to the extent that
a subsequent aortogram suddenly revealed repair. So, I
think the answer to your first question is no. 
You then mentioned the correlation of clinical charac-
teristics with the tendency to dilate. No, we have not been
able to correlate, but certainly that correlation would rep-
resent an excellent off-shoot for an additional study if per-
formed.  
Finally, your asked a question regarding recommend-
ed surveillance of aneurysm after grafting. We did this
study on conventional repair of aneurysms, and I think the
answer should be that I would not necessarily recommend
surveillance. I base that answer on the clinical success of
aneurysm repair, and, as you cite, the incidence of anasto-
motic problems or aortic cuff problems that require clini-
cal treatment is low. I do not know whether we could jus-
tify the cost and the risk of surveillance study given the
low incidence and certainly the low frequency of the need
to intervene.
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